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1. Introduction
The concept of neurogenic neural stem cells in the brains of adult mammals including humans
is now widely accepted. In rodents these cells have been studied extensively both in vitro and
in vivo. Of the two primary neurogenic regions in the rodent brain, the subventricular zone of
the lateral ventricle wall generates the most neurons of multiple phenotypes. The newly
generated neurons in the subventricular zone migrate to the olfactory bulb replenishing
neurons and reconstituting the local circuitry responsible for olfaction. The dentate gyrus of
the hippocampus generates a single neuron type, glutamatergic granule cells. These newborn
granule cells contribute to specific forms of memory by integrating into existent circuits (Shors
et al., 2001; Clelland et al., 2009; Garthe et al., 2009). Over the last few years, what was once
considered to be a homogeneous population of astrocytic stem cells in both neurogenic brain
regions is now turning out to be a more complex mixture of cells. Heterogeneous populations
of cells with stem cell properties are being discovered in both the subventricular zone and
dentate gyrus. This heterogeneity combined with potential diversity in signals forming the
local niches could provide a situation where these multiple neural stem cell subpopulations
contribute of tissue homeostasis and regeneration.
2. Neurogenesis in the subventricular zone
The lateral walls of the forebrain ventricles contain stem cells that generate neuronal subpo‐
pulations of the olfactory bulb throughout life (Reynolds and Weiss, 1992; Morshead et al.,
1994; Doetsch et al., 1999b; Gage, 2000; Mirzadeh et al., 2008). Although much remains to be
learnt about the neurogenic process and the fate determinants controlling maintenance,
proliferation and differentiation of stem and progenitors cells in the subventricular zone,
morphological, immunological and lineage tracing has recently uncovered a striking hetero‐
© 2013 Taylor; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
geneity in the putative stem cell pool. In the first sections of this chapter I will look at some of
the key findings and experiments identifying the stem cells and following their fate. I will also
ask the question of whether single neural stem cells are multipotent in vivo and look at some
for the experimental data addressing this and also cover emerging experimental data showing
heterogeneity within the stem cell pool.
3. The subventricular zone and its progenitors
Continued neurogenesis from cells within the subependymal layer of the lateral ventricle wall
implies stem cells as a driving force and a regulatory niche. Ultrastructural electronmicroscopic
analysis has been instrumental in defining the morphological differences among cells within
the subependymal layer of the ventricle wall (Doetsch et al., 1997; Doetsch et al., 1999a;
Mirzadeh et al., 2008). Combining electromicroscopy with functional regeneration of the
neurogenic niche, astrocytes have been shown to be primary progenitors of the subventricular
zone (Doetsch et al., 1999b; Doetsch et al., 1999a; Doetsch et al., 2002). The subventricular zone
astrocytes are defined as B-cells. B-cells have a polarized morphology extending an apical
process and sensory cilium that projects between the ependymal call (E-cells) lining the lateral
ventricle. These B-cell projections organize the E-cells into characteristic pinwheel structure
(Mirzadeh et al., 2008). This is likely to be an important structural and signaling center in the
stem cell niche. Based on their ultrastructural characteristics and location the B-cell population
can be divided into two. B1-cells have their cell body between the chains of neuroblasts (A-
cells) and the ependymal lining. B1-cells are quiescent and, based on thymidine incorporation
assays and electronmicroscopic analysis, they rarely divide. B2-cells are more displaced
towards the parenchyma of the underlying striatum and unsheathe the migrating chains of
neuroblasts on route to the olfactory bulb (Doetsch et al., 1997). Unlike the structurally related
B1-cells, B2-cells divide more prevalently. C-cells are the committed progeny of the B-cells,
likely generated by asymmetric cell division, and they are mitotically highly active but undergo
a limited number of divisions before differentiating. The progeny of the transient amplifying
C-cells, the A-cells, migrate in chains through tubes formed by B-cells to the olfactory bulb. In
adulthood, interneurons of the granule cell layer are the major newborn neuron type in the
olfactory bulb, and together with periglomerular neurons, reform local circuits. In addition to
neurons of the olfactory bulb, oligodendrocytes are also continuously generated in the
subventricular zone and migrate to the corpus callosum. These oligodendrocytes are the
product of Olig2-positive transient amplifying cells (a second type of C-cell). The relationship
between the neurogenic C-cells and those that generate oligodendrocytes is hotly debated, as
is whether they are the products of the same multipotent neural stem cells in the subventricular
zone.
4. Heterogeneity within the subventricular zone neural stem cell pool
The mechanisms controlling the fate of progenitors in the subventricular zone remain unclear.
The niche and its local interactions, morphogens and growth factors are one potential mode by
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which the differentiation potential of the neural stem cells is controlled (Basak and Taylor, 2009).
Assuming that all  stem cells with the subventricular zone have the same potential,  local
differences within the niche or signals interpreted by committed progenitors en route to their
final destination would be responsible for determining the multiple neuronal fates. The ectopic
grafting of stem cells into the subventricular zone indicates some degree of plasticity within the
neural stem cell population and suggest niche specific signals as fate determinants (Suhonen et
al., 1996). However, even with the same niche, some neural stem cells seem to have autono‐
mous fates and be heterogeneous in their potential (Kohwi et al., 2007; Merkle et al., 2007). By
using homochronic/heterochronic transplantation experiments it has been shown that progen‐
itor cells at different ontogenetic stages are intrinsically directed toward specific lineages (De
Marchis et al., 2007). In addition, neuroblasts in the rostral migratory stream are also heteroge‐
neous and may be committed to specific neuronal fates even before reaching the olfactory bulb
(Hack et al., 2005; Kohwi et al., 2005). Thus, rather than being universally plastic, the neural stem
cell pool may be made up of many stem cells with restricted potentials. This is also supported
by region specific, viral-mediated genetic labeling of the subventricular neural stem cells in
juvenile mice which show diversity in neuronal progeny generated rather than generating all
neuron types (Merkle et al., 2007). Granule cells, the major neuron subtypes to be generated
during adulthood, are produced from all anteroposterior and dorsoventral locations in the
subventricular zone. However, most granule cells are generated from the dorsal and ventral
most aspects of the subventricular zone (Merkle et al., 2007). Within this regionalization, the
granule neurons generated from the dorsal subventricular zone migrate to a more superficial
location in the granule cell layer of the olfactory bulb while those generated ventrally settle
deeper in the granule cell layer (Merkle et al., 2007). This regional specification can also be mapped
to the location of the stem cells during early postnatal development indicating not only a regional
but also a developmentally-regulated fate specification (Merkle et al., 2007). Similarly, periglo‐
merular neurons that migrate to the outer layer of the olfactory bulb also show a region-
specific origin. Dorsal regions of the subventricular zone generate the majority of the thymidine
hydroxylase-positive  neurons  whereas  Calbindin-positive  periglomerular  neurons  are
generated preferentially from the ventral subventricular zone (Merkle et al., 2007). Calretinin-
positive periglomerular and granule cells are generated from the medial wall of the lateral
ventricle. As this region produces proportionally fewer granule cells in total this suggests that
the niche of the medial wall directs the fate of neural stem cells towards Calretinin neuron
generation. Although these findings do not rule out niche specific programming of multipo‐
tent cell fate, heterotopic transplantation strongly suggests that stem cells retain their differen‐
tial potential when grafted into a different axial location (Merkle et al., 2007).
5. Mitotically active or quiescent neural stem cells
For many years mitotic inactivity or quiescence has been viewed as a primary stem cell trait.
However, recent data in many systems including the intestine and blood suggest that stem cell
may not need to be quiescent and some can divide frequently to drive the generation of new
cells (Wilson et al., 2008; Essers et al., 2009; Fuchs, 2009; Li and Clevers, 2010). These active
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stem cells are the force behind tissue homeostasis and may reside side-by-side with quiescent
stem cells that rarely if ever divide but that could be responsible for tissue regeneration.
Ultrastructural cellular analysis of the subventricular zone implied that even within the B-cell
compartment, B1 cells rarely if ever divide whereas B2 cells are detected in cell cycle (Doetsch
et al., 1997). This raised the possibility that in the adult brain stem cells may also either be able
to adopt different fates or, different neural stem cells exist which show strikingly different
mitotic potential. More recently, mitotically active cells in the subventricular zone were show
to be in close proximity to blood vessels suggesting a mitotic influence of the endothelium or
blood-born factors (Shen et al., 2008; Tavazoie et al., 2008). This is particularly intriguing as
endothelial cells express the Notch ligand Jagged1 and can active neural stem cells regulating
maintenance and proliferation both in vitro and in vivo thus implying that activated neural
stem cells my have a vascular contribution to their niche (Shen et al., 2004; Nyfeler et al., 2005).
In summary of current and past data, the heterogeneous mitotic activity among neural stem
cells suggests at least two potential scenarios. Either individual cells are able to transit between
a quiescent and an activated state, or, that there are different stem cells, some which are
quiescent and rarely divide, and others that are more mitotically active, dividing frequently
and driving the production of new neurons destined for the olfactory bulb. A similar situation
of active and dormant stem cells is present in the crypts of the large intestine where previously
identified slow or rarely dividing stem cells in the +4 position seem to be the cells responsible
for regenerating the epithelial lining of the gut. Conversely, mitotically active cells that are
interdigitated with paneth cells at the base of the crypt replenish the epithelial cells lining the
villi (Li and Clevers, 2010).
6. Active and quiescent stem cells show differences in Notch signaling
Notch signaling regulates cell fate in many cell systems and across species (Artavanis-
Tsakonas et al., 1999; Louvi and Artavanis-Tsakonas, 2006). Lateral signaling between
neighboring cells presenting Notch ligands and expressing receptors classically results in
binary fate decisions, often in cells undergoing cell division. Notch signaling is active in the
subventricular zone and multiple ligands are present on B, C and E cells providing the potential
for lateral signaling (Stump et al., 2002; Nyfeler et al., 2005; Imayoshi et al., 2010). Genetic
ablation of Notch signaling in stem cells of the subventricular zone results in precocious
differentiation and neurogenesis (Imayoshi et al., 2010; Basak et al., 2012). This in turn results
in a loss of neural stem cells and a subsequent long-term suppression of neurogenesis. This is
a “classical” role for Notch in the regulation of cell fate, whereby loss of Notch signaling during
what should be an asymmetric neural stem cell division results in both daughter cells adopting
a differentiated cell fate and a concomitant loss of stem cell self-renewal. However, the ablation
of Notch from B-cells also results in quiescent B1-cells entering the cell cycle and the active
neurogenic pool. This activation of cells that are normally in a mitotically inactive state
contributes to a pulse of increased neuroblast production before extinction of the stem cells
pool following inactivation of canonical Notch signaling (Imayoshi et al., 2010; Basak et al.,
2012). Hence, Notch signaling through its canonical pathway not only regulates stem cell
Neural Stem Cells - New Perspectives32
maintenance in the subventricular zone by repressing neuronal commitment of the stem cell
but also suppresses mitotic activity of B1 cells. In addition, canonical Notch signaling is
implicated in repressing the mitotic activity in ependymal cells lining the lateral ventricle
during ischemic lesions (Carlen et al., 2009). Although the role of ependymal cells as stem cells
is highly controversial, it remains possible that, under some degenerative/regenerative
conditions, even these differentiated cells may be able to dedifferentiate or transdifferentiate
to generate neuroblasts. How this regulation of proliferation function is controlled by Notch
is unclear. However, analysis of Notch1 function in the subventricular zone suggests differ‐
ential receptor usage by neural stem cell in different mitotic states. The Notch gene family
contains four genes encoding highly related receptors. These receptors are able to bind all five
canonical ligands. At least three Notchs, Notch1, Notch2 and Notch3 are expressed in the
subventriuclar zone (Stump et al., 2002; Basak et al., 2012). Notch1, Notch2 and Notch3 are
expressed by B-cells whereas Notch1 is also expressed by C-cells, A-cells and E-cells (Nyfeler
et al., 2005; Carlen et al., 2009; Imayoshi et al., 2010; Basak et al., 2012). Genetic conditional
inactivation of Notch1 from B-cells induces a loss of self-renewal during homeostatic neuro‐
genesis. Notch1-deficient active stem cells fail to self-renew and spontaneously differentiate –
similar to ablation of the canonical DNA-binding component of the pathway RBP-J in these
cells. However, unlike when RBP-J is deleted, Notch1-deficiency in B1-cells does not result in
spontaneous mitotic activity (Basak et al., 2012). The regulation of cell proliferation by Notch
signaling has also been implicated in vitro where cultured neural stem cells lacking Notch1
fail to self-renew and differentiate and in the adult zebrafish quiescent progenitors proliferate
when treated with the gamma-secretase inhibitor DAPT, which blocks Notch (Nyfeler et al.,
2005; Chapouton et al., 2010). Conversely, B1-cells, although they express Notch1, do not seem
to depend upon it for a quiescence signal. Thus, it is likely that molecular compensation or
signal diversity between the Notch receptors is responsible for the quiescence of B1-cells. This
remains to be examined in detail.
It has been difficult to identify and study active neural stem cell in the adult mouse subven‐
tricular zone due to an absence of selective markers. Most transgenes used to label neurogenic
stem cells utilize the Nestin, GLAST or Hes5 promoters (Mori et al., 2006; Balordi and Fishell,
2007; Lagace et al., 2007; Giachino and Taylor, 2009; Imayoshi et al., 2010; Bonaguidi et al.,
2011; Basak et al., 2012). These promoters are all expressed by both quiescent and mitotic stem
cells. However, combinations of transgenic reporter and surface expression of the Prominin1-
associated glycoepitope CD133 and binding of the mitogen epidermal growth factor is able to
select active from quiescent stem cells, C-cells and neuroblasts (Pastrana et al., 2009). Con‐
versely, Inhibitor of DNA binding protein 1 (Id1) a target of transforming growth factor-β
signaling, is expressed predominantly by quiescent B1-cells. Transgenic mice expressing green
fluorescent protein under the control of the Id1 promoter label quiescent B1-cells in the
subventricular zone (Nam and Benezra, 2009). These Id1-positive GFAP-positive B1 cells are
relatively rare and divide infrequently to generate neuroblasts likely by asymmetric cell
division. Interestingly, mitotic activity of subventricular zone neural stem cells requires Id
proteins with loss of function resulting in a loss of self-renewal and neurogenesis (Nam and
Benezra, 2009). It remains to be shown whether and how the quiescent and active stem cells
in the subventricular zone are related to each other or whether they fulfill distinct functions
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for example homeostatic neurogenesis and regeneration. It is likely that the elucidation of the
diverse neural stem cells in the subventricular zone is going to require the combination of
different markers and genetic tools (Beckervordersandforth et al., 2010).
7. The hippocampus continually generates neurons which participate in
memory formation
In contrast to the subventricular zone where proliferation and neurogenesis are eradicat‐
ed  soon  after  birth  in  humans,  the  dentate  gyrus  of  the  human  hippocampus,  like  in
rodents, continues to generate neurons from mitotically active progenitors cells all the way
into adulthood. The cellular composition of the neurogenic niche in the dentate gyrus has
been studied extensively (Seri  et  al.,  2001;  Kempermann et  al.,  2004;  Steiner et  al.,  2006;
Steiner et al., 2008). However, the identity and regulation of neural stem cells in the dentate
gyrus remains unclear.
8. The progenitor pool in the dentate gyrus is morphologically and
functionally heterogeneous
Self-renewing neural  stem cells  in  the  subgranular  zone of  the  adult  hippocampal  den‐
tate  gyrus  (also  referred  to  as  Type-1  cells)  produce  intermediate  progenitor  cells  (IPs,
Type-2a cells), NeuroD1 and Doublecortin-positive neuroblasts (Type-2b) and subsequent‐
ly granule neurons (Seri et al., 2001; Kempermann et al., 2004; Steiner et al., 2006). Type-1
neural stem cells have their cell bodies in the subgranular zone and extend a long process
through the granule cell  layer to the overlaying molecular layer.  Type-2 cells  are transi‐
ent intermediate progenitors. They also have their cell body in the subgranular zone but
lack  a  long  radial  process  and  have  a  more  rounded  morphology  with  short  stubby
processes (Seri et al.,  2001; Steiner et al.,  2006). Neuroblasts by contrast extend a leading
process  and  migrate  into  the  granule  cell  layer.  Whereas  radial  Type-1  cells  are  quies‐
cent, Type-2 cells divide readily expanding the progenitor pool. Previous Bromodeoxyuri‐
dine  labeling  experiments  suggested  that  Type-2a  cells,  which  express  proneural
transcription  factors,  are  the  major  proliferative  progenitor  in  the  adult  dentate  gyrus
(Steiner et al.,  2006). In addition, retroviral-labeling experiments showed that neuroblasts
that have extended a radial process, exit cell cycle, and only go through one or two cell
divisions (Seri et al.,  2001). However, recent genetic labeling and lineage tracing of stem
cells  in  the  dentate  gyrus  revealed  that  Ascl1-positive  Type-2a  cells  do  not  undergo
symmetric  cell  divisions  but  generate  an  addition  intermediate  cell  type,  Tbr2-positive
Type-2 cells (recently referred to as Type-2ab cells) (Bonaguidi et al.,  2012; Lugert et al.,
2012). The Tbr2-positive cells divide frequently to amplify the progenitor pool and increase
the number of neurons generated from each stem cell division (Lugert et al., 2012).
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9. Multiple stem cell populations in the dentate gyrus
The classical view of stem cells in the adult dentate gyrus implicates the quiescent radial
glial like Type-1 cells as the primary progenitor. However, retroviral labeling is common‐
ly used to examine neurogenesis in the dentate and to label cells that continue to gener‐
ate multiple neurons over time (Seri et al., 2001; Suh et al., 2007). As retroviral integration
and thus viral  gene expression are dependent upon cells  passing through the cell  cycle,
some long-term neurogenic  stem cells  in  the  dentate  must  be  mitotically  active.  Radial
Type-1 cells are rarely labeled in these retroviral experiments suggesting that other cells
that lack a radial process must also display self-renewing and long-term neurogenic stem
cell  potential  (Suh et al.,  2007).  This is  also supported by lentiviral  labeling experiments
driving reporter expression from the Sox2  promoter (Suh et  al.,  2007).  Expression of the
transcription factor Sox2 is associated with progenitor cells of the brain and required for
their  maintenance  by  regulating  Notch,  Sonic  Hedgehog  expression  and  Wnt  activity
(Steiner et al., 2008; Favaro et al., 2009; Kuwabara et al., 2009). A population of none radial
stem cells with horizontally orientated processes has been identified by Cre-recombinase
mediated  lineage  tracing  (Suh  et  al.,  2007).  These  horizontal  cells  display  stem  cell
characteristics  but  are  clearly  distinct  from the previously described Type-1  and Type-2
cells. Horizontal Type-1 neural stem cells like radial Type-1 stem cells in the dentate gyrus
have active Notch signaling and are labeled with a Notch signal reporter allele Hes5::GFP
(Ables et al., 2010; Ehm et al., 2010; Lugert et al., 2010). However, although they express
Nestin they do not express the astrocytic protein GFAP. Hence, there remains some debate
and despite their similarity in morphology to Type-2 cells, horizontal Type-1 stem cells do
not express classic Type-2 cell markers including the proneural transcription factor Ascl1
– a Notch repressed target gene – Tbr2 or Doublecortin (Steiner et al., 2006; Lugert et al.,
2010).  In  addition,  horizontal  Type-1  cells  are  more  mitotically  active  than  their  radial
counterparts  (Lugert  et  al.,  2010).  Therefore,  the  horizontal  Hes5-positive  cells  likely
represent the Sox2-positive population of stem cells and those stem cells commonly traced
and  analyzed  by  retroviral  labeling.  Although  the  relationship  between  the  radial  and
horizontal stem cells is not clear, horizontal cells rarely generate radial Type-1 cells in viral
lineage tracing experiments.  Interestingly,  activated neurogenic stem cells  in the dentate
gyrus express Sox1, which, like Sox2 and Sox3, is a member of the SoxB1 family. Sox1, like
Hes5, is expressed by radial and horizontal Type-1 cells (Venere et al., 2012). Lineage tracing
shows that Sox1-positive Type-1 cells include the active neural stem cells and support that
neurogenic stem cells in the dentate gyrus may switch between active and inactive states
(Lugert et al., 2010; Venere et al., 2012).
10. Radial and horizontal hippocampal stem cells respond selectively to
external cues
The classical view is that radial Type-1 stem cells divide infrequently to generate transient
amplifying progenitors through asymmetric cell divisions. However, as described above there
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are additional progenitors in the hippocampal dentate gyrus that can function as stem cells.
Hence, the question arises what are the functions of these multiple putative neural stem cells?
Do they both contribute to neurogenesis in the adult hippocampus and are they in a lineage
relationship with each other? Genetic labeling experiments suggest that both radial and
horizontal stem cells may be functionally distinct or at least they respond differently to
different pathophysiological cues (Lugert et al., 2010).
Analysis of hippocampal neurogenesis has shown it to be a dynamic process that diminishes
with age but can be stimulated and modulated by physiology and pathology (Kuhn et al.,
1996; Kempermann et al., 1998; Ben Abdallah et al., 2008; Fabel and Kempermann, 2008; Parent
and Murphy, 2008; Steiner et al., 2008; Zhao et al., 2008). Voluntary physical exercise induces
increased proliferation and generation of immature neurons. These neurons do not readily
integrate into the dentate gyrus but the increased proliferation of the stem cells is significant
(Fabel and Kempermann, 2008). Notch signaling also controls neural stem cell maintenance
and differentiation within the dentate gyrus (Breunig et al., 2007; Ables et al., 2010; Ehm et al.,
2010; Lugert et al., 2010; Lugert et al., 2012). Loss of Notch activity results in the loss of neural
stem cells and their precocious differentiation culminating in a loss of neuron production
(Ables et al., 2010; Ehm et al., 2010; Lugert et al., 2010). Genetic labeling of neural stem cells in
the dentate that display Notch signaling has uncovered diversity in stem cell responses to
pathophysiology (Lugert et al., 2010). Physical exercise stimulates proliferation of the radial
type1 cells but not the horizontal stem cells (Lugert et al., 2010). Running induces the radial
cells to enter the active stem cell pool without expanding the total stem cell population. This
suggests that radial cells in physically active animals undergo asymmetric cell divisions to
generate committed progenitors that increase the number of newborn neurons whilst main‐
taining the Type-1 stem cell pool through self-renewal. This also implies that radial stem cells
respond to stimuli generated by increased physical activity that are not seen or are not
interpreted in the same way by the horizontal stem cells. These findings seem, at first glance,
to contradict previous experiments where Nestin expressing progenitors were labeled and
suggested that radial Type-1 cells do not proliferate significantly in running mice (Steiner et
al., 2008). It is likely that the differences in result reflect the different experimental paradigms
used to identify the stem cells of the dentate gyrus. Where as Hes5 expression identifies a
smaller population of cells more restricted to the stem cell pools in the subgranular cell layer,
the Nestin promoter is expressed by stem cells and more committed progenitors (Bonaguidi et
al., 2012). Hence, it remains possible that the different labeling techniques and the extent of
cell labeling could effect the quantification and interpretation.
11. Selective loss of active stem cells in the hippocampus of aged mice
Neurogenesis  in  the  mammalian  brain  diminishes  dramatically  after  birth,  even  in  the
dentate  gyrus  where  neurons  are  continuously  generated  throughout  life.  This  reduced
neurogenesis is associated with a loss of mitotic cells (Kuhn et al., 1996; Kempermann et
al.,  1998;  Ben  Abdallah  et  al.,  2008;  Steiner  et  al.,  2008).  Whereas  some  reports  have
suggested an irreversible loss of neural stem cells in the dentate gyrus due to exit  from
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the  stem cell  pool  and  differentiation  into  astrocytes  (Encinas  et  al.,  2011;  Encinas  and
Sierra, 2012), others suggest that the stem cells are not lost but become dormant with age
(Lugert et al., 2010; Bonaguidi et al., 2011; Venere et al., 2012). Hence, the reason for the
substantial  reduction  in  neuron  production  remains  unclear  but  may  be  caused  by  a
culmination of physiological changes.
Genetic  lineage  tracing  of  Nestin  expressing  cells  revealed  that,  parallel  to  the  reduced
number of neurons generated from the labeled stem cells, radial Type-1 cells in the aged
mouse brain enter cell cycle and, following a few cell divisions, differentiate into polymor‐
phic astrocytes that lose radial morphology and presumably stem cell  potential (Encinas
et al., 2011). This “deforestation” or expenditure of the stem cells likely contributes to the
reduction in mitotic progenitors and neurons (Encinas and Sierra, 2012). Surprisingly, in a
parallel study using the same genetic tools, clonal analysis indicated that Nestin  express‐
ing  stem  cells  within  the  subgranular  layer  can  undergo  prolonged  neurogenesis.  In
addition, these clonal experiments revealed an additional degree of heterogeneity within
the stem cell population of the dentate gyrus. Some labeled Type-1 cells remained quiescent
over many months and failed to generate any viable offspring. Other Type-1 cells divided
and generated clones  of  cells  that  included progenitors,  neurons and astrocytes  indicat‐
ing  multipotency  (Bonaguidi  et  al.,  2011).  Partially  supporting  the  proposal  that  some
Nestin-expressing Type-1 cells may exit the stem cell pool, clones were found that contained
only differentiated cells. Taken together these data indicate heterogeneity within the stem
cells  pools  and it  seems that  a  combination of  entry  of  stem cells  into  a  dormant  state
coupled with a partial loss of some progenitors may contribute to the age related decline
in neurogenesis (Bonaguidi et al., 2011; Encinas et al., 2011).
In contrast, neural stem cells in the dentate gyrus labeled by Notch activity and Sox2 expression
remain in the aged dentate gyrus (Lugert et al., 2010; Bonaguidi et al., 2011; Lugert et al.,
2012). Interestingly however, the proportion of the cells that are mitotically active, which is
predominantly the horizontal population, are lost. Hence, even in aged mice the number of
stem cells remains relatively constant but their mitotic activity reduces and actively prolifer‐
ating cells are lost, become quiescent, or dormant (Lugert et al., 2010; Bonaguidi et al., 2011;
Lugert et al., 2012). This is similar to findings that Sox1–positive stem cells remain long-term
neurogenic and can enter and exit the active stem cells pools (Venere et al., 2012).
A loss of stem cells in the dentate gyrus would suggest that the neurogenic process cannot be
rescued or reversed in aged animals. However, physical exercise and pathological stimulation
both stimulate proliferation, neural stem cell activation and under some conditions increased
numbers of newly generated neurons (Rao et al., 2005; van Praag et al., 2005; Hattiangady et
al., 2008; Jessberger and Gage, 2008; Rao et al., 2008; Zhao et al., 2008). Hence, although loss of
stem cells could contribute to the age-related decline in neuron production, some cells with
stem cell potential remain even in the dentate gyrus of old mice and these can be activated to
proliferate and generate new cells (Lugert et al., 2010; Venere et al., 2012). It still remains
unclear whether radial Type-1 cells in old mice enter the cell cycle during physical exercise or
whether the few remaining horizontal cells could reactivate in the aged brain or whether a
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distinct cell population, previously not studied or labeled with the tools and techniques current
available, replenishes the neural stem cell pools.
12. Seizures induce neural stem cell proliferation in the hippocampus
Chronic temporal lobe epilepsy is associated with an increase production of neurons in the
dentate gyrus (Parent, 2007; Scharfman and Gray, 2007). Conversely, acute seizures dramati‐
cally induce abnormal production of neurons in the dentate gyrus, which may contribute to
chronic epilepsy. Whether generation of new neurons in the hippocampus of patients with
epilepsy is a result of the disease or contributes to the cause is not clear. In mice, experimentally
induced seizures effect neuron production at multiple levels and not least by disproportion‐
ately increasing the number of neuroblasts (Type-3 cells) (Jessberger et al., 2005). Both the radial
Type-1 and the horizontal stem cells are activated in response to experimentally induced
seizures (Huttmann et al., 2003; Lugert et al., 2012; Venere et al., 2012). However, the proportion
of radial cells that enter cell cycle is rather modest and the population is not expanded
suggesting that their divisions generate more committed progenitors. The horizontal stem cells
respond more homogeneously to seizures. The majority of them enter the cell cycle and the
total number increases significantly (Lugert et al., 2010). The increase in horizontal cells could
be the result of symmetric cell division but also generation of horizontal cells from the radial
stem cell pool. Although current tools and techniques have not been able to address the
mechanism, the increase in mitotically active stem cells following chronic seize and the
differential response of the different stem cell pools has important implications for the cause
and progression of temporal lobe epilepsy in humans.
13. Future perspectives
In the future it will be a major challenge to elucidate the heterogeneity within the stem cells
pools and to address there cellular function. This will include understanding how these
different populations and cell states are regulated and whether their functions are controlled
by distinct niche signals or genetic and epigenetic mechanisms. Only the detailed analysis of
neural stem cells in the adult brain could uncover their functions in homeostasis, aging and
disease. This would raise the exciting possibility that specific neural stem cell subtypes could
be directly targeted for therapy.
Author details
Verdon Taylor
Embryology and Stem Cell Biology, Department of Biomedicine, University of Basel, Basel,
Switzerland
Neural Stem Cells - New Perspectives38
References
[1] Ables, J. L., Decarolis, N. A., Johnson, M. A., Rivera, P. D., Gao, Z., Cooper, D. C.,
Radtke, F., Hsieh, J. and Eisch, A. J. (2010). Notch1 is required for maintenance of the
reservoir of adult hippocampal stem cells. J Neurosci. 30, 10484-10492.
[2] Artavanis-Tsakonas, S., Rand, M. D. and Lake, R. J. (1999). Notch signaling: cell fate
control and signal integration in development. Science 284, 770-776.
[3] Balordi, F. and Fishell, G. (2007). Mosaic removal of hedgehog signaling in the adult
SVZ reveals that the residual wild-type stem cells have a limited capacity for self-re‐
newal. J Neurosci 27, 14248-14259.
[4] Basak, O. and Taylor, V. (2009). Stem cells of the adult mammalian brain and their
niche. Cell Mol Life Sci. 66, 1057-1072.
[5] Basak, O, Giachino, C, & Fiorini, E. MacDonald, H. R. and Taylor, V. (2012). Neuro‐
genic subventricular zone stem/progenitor cells are Notch1-dependent in their active
but not quiescent state J Neurosci., 32, 5654-5666.
[6] Beckervordersandforth, R., Tripathi, P., Ninkovic, J., Bayam, E., Lepier, A., Stempf‐
huber, B., Kirchhoff, F., Hirrlinger, J., Haslinger, A., Lie, D. C., Beckers, J., Yoder, B.,
Irmler, M. and Gotz, M. (2010). In vivo fate mapping and expression analysis reveals
molecular hallmarks of prospectively isolated adult neural stem cells. Cell Stem Cell
7, 744-758.
[7] Ben Abdallah N. M., Slomianka, L., Vyssotski, A. L. and Lipp, H. (2010). Early age-
related changes in adult hippocampal neurogenesis in C57 mice. Neurobiol Aging.
31, 151-161.
[8] Bonaguidi, M. A., Song, J., Ming, G. L. and Song, H. (2012). A unifying hypothesis on
mammalian neural stem cell properties in the adult hippocampus. Curr Opin Neuro‐
biol. 22, 754-761. doi: 710.1016/j.conb.2012.1003.1013. Epub 2012 Apr 1013.
[9] Bonaguidi, M. A., Wheeler, M. A., Shapiro, J. S., Stadel, R. P., Sun, G. J., Ming, G. L.
and Song, H. (2011). In vivo clonal analysis reveals self-renewing and multipotent
adult neural stem cell characteristics. Cell. 145, 1142-1155.
[10] Breunig, J. J., Silbereis, J., Vaccarino, F. M., Sestan, N. and Rakic, P. (2007). Notch reg‐
ulates cell fate and dendrite morphology of newborn neurons in the postnatal den‐
tate gyrus. Proc Natl Acad Sci U S A 104, 20558-20563.
[11] Carlen, M., Meletis, K., Goritz, C., Darsalia, V., Evergren, E., Tanigaki, K., Amendola,
M., Barnabe-Heider, F., Yeung, M. S., Naldini, L., Honjo, T., Kokaia, Z., Shupliakov,
O., Cassidy, R. M., Lindvall, O. and Frisen, J. (2009). Forebrain ependymal cells are
Notch-dependent and generate neuroblasts and astrocytes after stroke. Nat Neurosci.
12, 259-267.
Neural Stem Cell Heterogeneity
http://dx.doi.org/10.5772/55676
39
[12] Chapouton, P., Skupien, P., Hesl, B., Coolen, M., Moore, J. C., Madelaine, R., Kremm‐
er, E., Faus-Kessler, T., Blader, P., Lawson, N. D. and Bally-Cuif, L. (2010). Notch ac‐
tivity levels control the balance between quiescence and recruitment of adult neural
stem cells. J Neurosci. 30, 7961-7974.
[13] Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D., Jr., Fragniere, A., Tyers, P.,
Jessberger, S., Saksida, L. M., Barker, R. A., Gage, F. H. and Bussey, T. J. (2009). A
functional role for adult hippocampal neurogenesis in spatial pattern separation. Sci‐
ence. 325, 210-213.
[14] De Marchis, S., Bovetti, S., Carletti, B., Hsieh, Y. C., Garzotto, D., Peretto, P., Fasolo,
A., Puche, A. C. and Rossi, F. (2007). Generation of distinct types of periglomerular
olfactory bulb interneurons during development and in adult mice: implication for
intrinsic properties of the subventricular zone progenitor population. J Neurosci. 27,
657-664.
[15] Doetsch, F., Garcia-Verdugo, J. M. and Alvarez-Buylla, A. (1997). Cellular composi‐
tion and three-dimensional organization of the subventricular germinal zone in the
adult mammalian brain. J Neurosci 17, 5046-5061.
[16] Doetsch, F., Garcia-Verdugo, J. M. and Alvarez-Buylla, A. (1999a). Regeneration of a
germinal layer in the adult mammalian brain. Proc Natl Acad Sci U S A 96,
11619-11624.
[17] Doetsch, F., Caille, I., Lim, D. A., Garcia-Verdugo, J. M. and Alvarez-Buylla, A.
(1999b). Subventricular zone astrocytes are neural stem cells in the adult mammalian
brain. Cell 97, 703-716.
[18] Doetsch, F., Petreanu, L., Caille, I., Garcia-Verdugo, J. M. and Alvarez-Buylla, A.
(2002). EGF converts transit-amplifying neurogenic precursors in the adult brain into
multipotent stem cells. Neuron 36, 1021-1034.
[19] Ehm, O., Goritz, C., Covic, M., Schaffner, I., Schwarz, T. J., Karaca, E., Kempkes, B.,
Kremmer, E., Pfrieger, F. W., Espinosa, L., Bigas, A., Giachino, C., Taylor, V., Frisen,
J. and Lie, D. C. (2010). RBPJkappa-dependent signaling is essential for long-term
maintenance of neural stem cells in the adult hippocampus. J Neurosci. 30,
13794-13807.
[20] Encinas, J. M. and Sierra, A. (2012). Neural stem cell deforestation as the main force
driving the age-related decline in adult hippocampal neurogenesis. Behav Brain Res.
227, 433-439.
[21] Encinas, J. M., Michurina, T. V., Peunova, N., Park, J. H., Tordo, J., Peterson, D. A.,
Fishell, G., Koulakov, A. and Enikolopov, G. (2011). Division-coupled astrocytic dif‐
ferentiation and age-related depletion of neural stem cells in the adult hippocampus.
Cell Stem Cell. 8, 566-579.
Neural Stem Cells - New Perspectives40
[22] Essers, M. A., Offner, S., Blanco-Bose, W. E., Waibler, Z., Kalinke, U., Duchosal, M. A.
and Trumpp, A. (2009). IFNalpha activates dormant haematopoietic stem cells in
vivo. Nature. 458, 904-908.
[23] Fabel, K. and Kempermann, G. (2008). Physical activity and the regulation of neuro‐
genesis in the adult and aging brain. Neuromolecular Med 10, 59-66.
[24] Favaro, R., Valotta, M., Ferri, A. L., Latorre, E., Mariani, J., Giachino, C., Lancini, C.,
Tosetti, V., Ottolenghi, S., Taylor, V. and Nicolis, S. K. (2009). Hippocampal develop‐
ment and neural stem cell maintenance require Sox2-dependent regulation of Shh.
Nat Neurosci.
[25] Fuchs, E. (2009). The tortoise and the hair: slow-cycling cells in the stem cell race.
Cell. 137, 811-819.
[26] Gage, F. H. (2000). Mammalian neural stem cells. Science 287, 1433-1438.
[27] Garthe, A., Behr, J. and Kempermann, G. (2009). Adult-generated hippocampal neu‐
rons allow the flexible use of spatially precise learning strategies. PLoS One. 4, e5464.
Epub 2009 May 5467.
[28] Giachino, C. and Taylor, V. (2009). Lineage analysis of quiescent regenerative stem
cells in the adult brain by genetic labelling reveals spatially restricted neurogenic
niches in the olfactory bulb. Eur J Neurosci 30, 9-24.
[29] Hack, M. A., Saghatelyan, A., de Chevigny, A., Pfeifer, A., Ashery-Padan, R., Lledo,
P. M. and Gotz, M. (2005). Neuronal fate determinants of adult olfactory bulb neuro‐
genesis. Nat Neurosci. 8, 865-872.
[30] Hattiangady, B., Rao, M. S. and Shetty, A. K. (2008). Plasticity of hippocampal stem/
progenitor cells to enhance neurogenesis in response to kainate-induced injury is lost
by middle age. Aging Cell 7, 207-224.
[31] Huttmann, K., Sadgrove, M., Wallraff, A., Hinterkeuser, S., Kirchhoff, F., Steinhauser,
C. and Gray, W. P. (2003). Seizures preferentially stimulate proliferation of radial
glia-like astrocytes in the adult dentate gyrus: functional and immunocytochemical
analysis. Eur J Neurosci 18, 2769-2778.
[32] Imayoshi, I., Sakamoto, M., Yamaguchi, M., Mori, K. and Kageyama, R. (2010). Essen‐
tial roles of Notch signaling in maintenance of neural stem cells in developing and
adult brains. J Neurosci 30, 3489-3498.
[33] Jessberger, S. and Gage, F. H. (2008). Stem-cell-associated structural and functional
plasticity in the aging hippocampus. Psychol Aging 23, 684-691.
[34] Kempermann, G., Kuhn, H. G. and Gage, F. H. (1998). Experience-induced neurogen‐
esis in the senescent dentate gyrus. J Neurosci. 18, 3206-3212.
[35] Kempermann, G., Jessberger, S., Steiner, B. and Kronenberg, G. (2004). Milestones of
neuronal development in the adult hippocampus. Trends Neurosci 27, 447-452.
Neural Stem Cell Heterogeneity
http://dx.doi.org/10.5772/55676
41
[36] Kohwi, M., Osumi, N., Rubenstein, J. L. and Alvarez-Buylla, A. (2005). Pax6 is re‐
quired for making specific subpopulations of granule and periglomerular neurons in
the olfactory bulb. J Neurosci. 25, 6997-7003.
[37] Kohwi, M., Petryniak, M. A., Long, J. E., Ekker, M., Obata, K., Yanagawa, Y., Ruben‐
stein, J. L. and Alvarez-Buylla, A. (2007). A subpopulation of olfactory bulb GABAer‐
gic interneurons is derived from Emx1- and Dlx5/6-expressing progenitors. J
Neurosci. 27, 6878-6891.
[38] Kuhn, H. G., Dickinson-Anson, H. and Gage, F. H. (1996). Neurogenesis in the den‐
tate gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation. J
Neurosci. 16, 2027-2033.
[39] Kuwabara, T., Hsieh, J., Muotri, A., Yeo, G., Warashina, M., Lie, D. C., Moore, L., Na‐
kashima, K., Asashima, M. and Gage, F. H. (2009). Wnt-mediated activation of Neu‐
roD1 and retro-elements during adult neurogenesis. Nat Neurosci 12, 1097-1105.
[40] Lagace, D. C., Whitman, M. C., Noonan, M. A., Ables, J. L., DeCarolis, N. A., Arguel‐
lo, A. A., Donovan, M. H., Fischer, S. J., Farnbauch, L. A., Beech, R. D., DiLeone, R. J.,
Greer, C. A., Mandyam, C. D. and Eisch, A. J. (2007). Dynamic contribution of nestin-
expressing stem cells to adult neurogenesis. J Neurosci. 27, 12623-12629.
[41] Li, L. and Clevers, H. (2010). Coexistence of quiescent and active adult stem cells in
mammals. Science 327, 542-545.
[42] Louvi, A. and Artavanis-Tsakonas, S. (2006). Notch signalling in vertebrate neural
development. Nat Rev Neurosci 7, 93-102.
[43] Lugert, S., Vogt, M., Tchorz, J. S., Muller, M., Giachino, C. and Taylor, V. (2012). Ho‐
meostatic neurogenesis in the adult hippocampus does not involve amplification of
Ascl1(high) intermediate progenitors. Nat Commun., 670.
[44] Lugert, S., Basak, O., Knuckles, P., Haussler, U., Fabel, K., Gotz, M., Haas, C. A.,
Kempermann, G., Taylor, V. and Giachino, C. (2010). Quiescent and active hippo‐
campal neural stem cells with distinct morphologies respond selectively to physio‐
logical and pathological stimuli and aging. Cell Stem Cell 6, 445-456.
[45] Merkle, F. T., Mirzadeh, Z. and Alvarez-Buylla, A. (2007). Mosaic organization of
neural stem cells in the adult brain. Science 317, 381-384.
[46] Mirzadeh, Z., Merkle, F. T., Soriano-Navarro, M., Garcia-Verdugo, J. M. and Alvarez-
Buylla, A. (2008). Neural stem cells confer unique pinwheel architecture to the ven‐
tricular surface in neurogenic regions of the adult brain. Cell Stem Cell. 3, 265-278.
[47] Mori, T., Tanaka, K., Buffo, A., Wurst, W., Kuhn, R. and Gotz, M. (2006). Inducible
gene deletion in astroglia and radial glia--a valuable tool for functional and lineage
analysis. Glia 54, 21-34.
[48] Morshead, C. M., Reynolds, B. A., Craig, C. G., McBurney, M. W., Staines, W. A., Mo‐
rassutti, D., Weiss, S. and van der Kooy, D. (1994). Neural stem cells in the adult
Neural Stem Cells - New Perspectives42
mammalian forebrain: a relatively quiescent subpopulation of subependymal cells.
Neuron 13, 1071-12082.
[49] Nam, H. S. and Benezra, R. (2009). High levels of Id1 expression define B1 type adult
neural stem cells. Cell Stem Cell. 5, 515-526.
[50] Nyfeler, Y., Kirch, R. D., Mantei, N., Leone, D. P., Radtke, F., Suter, U. and Taylor, V.
(2005). Jagged1 signals in the postnatal subventricular zone are required for neural
stem cell self-renewal. EMBO J 24, 3504-3515.
[51] Parent, J. M. and Murphy, G. G. (2008). Mechanisms and functional significance of
aberrant seizure-induced hippocampal neurogenesis. Epilepsia 49 Suppl 5, 19-25.
[52] Pastrana, E., Cheng, L. C. and Doetsch, F. (2009). Simultaneous prospective purifica‐
tion of adult subventricular zone neural stem cells and their progeny. Proc Natl Acad
Sci U S A. 106, 6387-6392.
[53] Rao, M. S., Hattiangady, B. and Shetty, A. K. (2008). Status epilepticus during old age
is not associated with enhanced hippocampal neurogenesis. Hippocampus 18,
931-944.
[54] Rao, M. S., Hattiangady, B., Abdel-Rahman, A., Stanley, D. P. and Shetty, A. K.
(2005). Newly born cells in the ageing dentate gyrus display normal migration, sur‐
vival and neuronal fate choice but endure retarded early maturation. Eur J Neurosci
21, 464-476.
[55] Reynolds, B. A. and Weiss, S. (1992). Generation of neurons and astrocytes from iso‐
lated cells of the adult mammalian central nervous system. Science 255, 1707-1710.
[56] Seri, B., Garcia-Verdugo, J. M., McEwen, B. S. and Alvarez-Buylla, A. (2001). Astro‐
cytes give rise to new neurons in the adult mammalian hippocampus. J Neurosci 21,
7153-7160.
[57] Shen, Q., Wang, Y., Kokovay, E., Lin, G., Chuang, S. M., Goderie, S. K., Roysam, B.
and Temple, S. (2008). Adult SVZ stem cells lie in a vascular niche: a quantitative
analysis of niche cell-cell interactions. Cell Stem Cell. 3, 289-300.
[58] Shen, Q., Goderie, S. K., Jin, L., Karanth, N., Sun, Y., Abramova, N., Vincent, P., Pum‐
iglia, K. and Temple, S. (2004). Endothelial cells stimulate self-renewal and expand
neurogenesis of neural stem cells. Science 304, 1338-1340.
[59] Shors, T. J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T. and Gould, E. (2001). Neu‐
rogenesis in the adult is involved in the formation of trace memories. Nature 410,
372-376.
[60] Steiner, B., Zurborg, S., Horster, H., Fabel, K. and Kempermann, G. (2008). Differen‐
tial 24 h responsiveness of Prox1-expressing precursor cells in adult hippocampal
neurogenesis to physical activity, environmental enrichment, and kainic acid-in‐
duced seizures. Neuroscience. 154, 521-529.
Neural Stem Cell Heterogeneity
http://dx.doi.org/10.5772/55676
43
[61] Steiner, B., Klempin, F., Wang, L., Kott, M., Kettenmann, H. and Kempermann, G.
(2006). Type-2 cells as link between glial and neuronal lineage in adult hippocampal
neurogenesis. Glia. 54, 805-814.
[62] Stump, G., Durrer, A., Klein, A. L., Lutolf, S., Suter, U. and Taylor, V. (2002). Notch1
and its ligands Delta-like and Jagged are expressed and active in distinct cell popula‐
tions in the postnatal mouse brain. Mech Dev 114, 153-159.
[63] Suh, H., Consiglio, A., Ray, J., Sawai, T., D'Amour, K. A. and Gage, F. H. (2007). In
vivo fate analysis reveals the multipotent and self-renewal capacities of Sox2+ neural
stem cells in the adult hippocampus. Cell Stem Cell 1, 515-528.
[64] Suhonen, J. O., Peterson, D. A., Ray, J. and Gage, F. H. (1996). Differentiation of adult
hippocampus-derived progenitors into olfactory neurons in vivo. Nature. 383,
624-627.
[65] Tavazoie, M., Van der Veken, L., Silva-Vargas, V., Louissaint, M., Colonna, L., Zaidi,
B., Garcia-Verdugo, J. M. and Doetsch, F. (2008). A specialized vascular niche for
adult neural stem cells. Cell Stem Cell. 3, 279-288.
[66] van Praag, H., Shubert, T., Zhao, C. and Gage, F. H. (2005). Exercise enhances learn‐
ing and hippocampal neurogenesis in aged mice. J Neurosci 25, 8680-8685.
[67] Venere, M., Han, Y. G., Bell, R., Song, J. S., Alvarez-Buylla, A. and Blelloch, R. (2012).
Sox1 marks an activated neural stem/progenitor cell in the hippocampus. Develop‐
ment. 139, 3938-3949. doi: 3910.1242/dev.081133. Epub 082012 Sep 081119.
[68] Wilson, A., Laurenti, E., Oser, G., van der Wath, R. C., Blanco-Bose, W., Jaworski, M.,
Offner, S., Dunant, C. F., Eshkind, L., Bockamp, E., Lio, P., Macdonald, H. R. and
Trumpp, A. (2008). Hematopoietic stem cells reversibly switch from dormancy to
self-renewal during homeostasis and repair. Cell. 135, 1118-1129.
[69] Zhao, C., Deng, W. and Gage, F. H. (2008). Mechanisms and functional implications
of adult neurogenesis. Cell 132, 645-660.
Neural Stem Cells - New Perspectives44
